Solvolyses of isobutyl chloroformate (4) in 43 binary solvent mixtures including highly aqueous media, water, D 2 O, CH 3 OD, 2,2,2-trifluoroethanol (TFE) as well as aqueous 1,1,1,3,3,3-hexafluoro-isopropanol (HFIP) solvents were performed at 45 solvolyses of 4 are found to be consistent with the proposed mechanism (Ad E ). The variety of solvent systems was extended to comprise highly ionizing power solvent media (Y Cl > 2.7 excepted for aqueous fluorinated solvents and pure TFE solvent) to investigate whether a mechanistic change occurs as solvent compositions are varied. However, in case of 18-solvent ranges having aqueous fluorinated solvent systems (TFE-H 2 O and HFIP-H 2 O) and/or having Y Cl > 2.7 solvent systems, the solvent effect on reactivity for those of 4 are evaluated by the multiple regression analysis as competition with S N 2 -type mechanism. And in pure TFE and 97 w/w % HFIP solvents with high Y Cl and weak N T , these solvolyses are understood as reactions which proceed through an ionization (S N 1) pathway.
Introduction
According to the recent results of D'Souza, M. J 2-5 solvent effects on reactivity for those of 4 were revealed to proceed via an addition-elimination mechanism with nucleophilic attack at the reaction center (C=O) stabilizing the transition state (TS). log (k/k o ) = mY Cl + lN T + c (1) In eq. (1) k and k o are rate constant of solvolysis of a substrate RX in a given solvent and 80% ethanol-water, respectively; m is the susceptibility to change in ionizing power (Y Cl : based on solvolysis of 1-adamantyl chloride 4 with m=1.00); l is the susceptibility to changes in solvent nucleophilicity (N T ) (N T : based on the solvolyses of Smethyl dibenzothiophenium ion 15 ); and c is a constant (residual term).
We have carried out further work because the results reported were obtained using only 18 solvents for the correlation analysis; in particular, the experimental results were obtained without considering highly aqueous solvent systems including aqueous 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), which may influence those of 4 by inducing a mechanistic change [6] [7] [8] [9] due to the variation of solvent composition; also, there is a potential problem of possible multicolinearity for solvolytic analyses by two-terms multiple regressions.
Iso-butylchloroformate (4) is a chloroformate ester, useful as a pharmaceutical precursors, with geometrical syn conformation in 3-D structure. [10] [11] [12] [13] In this work, solvents having ionizing power values (Y Cl ) > 2.7 were regarded as highly ionizing power media, such as aqueous fluorinated alcohols, pure water and the solvent ranges 40% MeOH → H 2 O, 40% EtOH → H 2 O and 30% acetone → H 2 O, respectively. Within this range of solvents, there are differences in solvent nucleophilicity (N T ) value (e.g., N T ; −0.74 for 40% EtOH and −2.97 for 97 w/w % HFIP).
Results and Discussions
Solvolysis of 4 in 43 binary solvent mixtures including highly aqueous media, water, D 2 O, CH 3 OD, 2,2,2-trifluoroethanol (TFE) solvent systems as well as aqueous HFIP solvents were performed at 45 o C. Particularly, kinetic data for highly aqueous binary mixtures (with alcohol and acetone cosolvents) containing water (or D 2 O) were obtained from an improved rapid-mixing conductometric technique (see footnote in Table 1 ) to minimize problems associated with sparingly soluble substrates. Additional kinetic data in 100% H 2 O, MeOH, and EtOH, 80% MeOH, 80% EtOH, 97% w/w TFE-water, and 97% w/w HFIP-water at various temperatures are also reported in Table 2 .
These specific rates show the phenomena of maximum rates at 45 o C in specific solvent (10% MeOH) and the relative values of k H 2 O /k solvent rate-ratios are less than 4-fold for 40% MeOH, 40% EtOH and 30% acetone. Such observations may be a reflection of a significant contribution from solvent nucleophilicity (N T ) into solvolysis rates of 4, even within a range of higher ionization solvent systems known to favour unimolecular ionization (S N 1) reaction in acid chloride solvolyses.
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On the other hand, in case of a higher solvent nucleophilicity 15 of EtOH molecule (N T : 0.37) relative to H 2 O molecule (N T : −1.38) with a greater of acidity, the relative value of k H2O /k EtOH rate-ratio for hydrolysis/ethanolysis of 4 at 45 o C were found to be a smaller value (ca. 19) than expected. Hydrolysis in pure water can be also a clue for inferring that both ionizing power and solvent nucleophilicity terms are important contributors to the observed solvent effect.
These results for solvolyses of 4 mean that contributions from both nucleophilic solvent participation on carbonyl carbon (C=O), and from nucleophilic solvation of TS by polar solvent need to be evaluated in terms of two-term multiple parameters [eq. (1)].
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The extensive range of solvents for solvolyses of 4, varying in nucleophilicity and ionizing ability, allow us to deduce an improved evaluation of solvent effects on reactivity and mechanism. Parallel comparisons of our results for 4 were carried out with those of other chloroformates (similarity models) earlier reported, such as n-propyl chloroformate (1, n-Pr), 27 A scatter plot between dependent variables (y=log(k/k o ) for 4) and two explanatory variables (x 1 =Y Cl , x 2 =N T ) for regression analysis gave non-linear correlations exhibited in When a multiple regression analysis of log(k/k o ) on Y Cl (x 1 ) and N T (x 2 ) of corresponding the two-terms GrunwaldWinstein eq. (1) 4b,14,21 is performed for solvolysis rates of 4 in all solvent systems (41-solvents) chosen for this work at 45.0 ºC, it leads to a poor correlation (correlation coefficient, r = 0.857), [with 0.40(±0.05) for m, 0.68(±0.08) for l and −0.16(±0.10) for c, respectively, in Table 3 ].
Conversely, in earlier studies, a specific solvolyses rate studies of 3 (as similarity model) had been carried out by Ryu Such phenomenon for 4 may be explained as the dispersion effect caused by differential solvation effect on the reaction center to bring out the different reaction mechanisms; accordingly, solvolyses analysis in solvent systems chosen may be estimated by assuming that unsatisfactory correlation is caused by dual channel mechanism.
For 35-solvent systems including TFE-EtOH solvents, but excluding aqueous fluorinated solvents, a good linear correlation analysis (r = 0.953) was obtained from the specific solvolysis rate constants of Table 1 Figure 2 ).
In case of all analyzed in further work for 4, p-values (significance probability) as criteria for significance of multiple regression analyses [eq. (1)] were observed as p ≤ 0.001 (F-test > 45). Statistical variance inflation factor (VIF) were obtained as 5.17 for the multiple regression in 35-solvent systems ( Figure 2 ) and as 1.03 for those in 18-solvent systems ( Figure 3) ; a consequence of our work is that the potential problem of multicolinearity (VIF > 10: problem) could be avoided.
As presented in Table 3 that contributions from highly ionizing media into stabilization of TS for this reaction 4 are important. That is, the change of m-value could be considerable evidence for the existence of tetrahedral-type intermediate (stepwise), which could be stabilized by nucleophilic solvation, and TS-stabilization by nucleophilic solvation for 4 showed more sensitive for than those of 3.
Considering the nucleophilicity of solvents used which have N T > −1.5 (higher) the value relative to those of aqueous fluorinated solvents, the 0.62Y Cl term obtained implicates the degree of the nucleophilic solvation of TS by the charge-dipole interaction with a nucleophilic solvents and the 1.82N t term obtained involves those of the nucleophilic participation by the nucleophile solvent for the stabilization of TS. Accordingly, the fraction (0.75) of the contribution from solvent nucleophilicity (N T ) as well as the magnitude of the susceptibility ratio (l/m = 2.94) between the two-term parameters were induced into being rationalized as a additionelimination mechanism (Ad E ) with the carbonyl addition step being rate determining by using the useful mechanistic indicator [(l/m = 1.9-3.0 for Ad E , l/m ≤ 0.8 for I (ionization pathway), respectively]. Putative cause of this result observed may be a reflection of the difference in rate-limiting step (mechanism) according to the kind of binary solvent mixtures chosen for 4, but to the variation of solvent composition.
So the [k 40E /k 97T ] Y ratio could be not a central role as the mechanistic tool available for identifying the two different (dual) reaction channels occurring, although, 40E and 97T of corresponding the range of polar media (see footnote a of Table 4 ) are favorable S N 1 solvolyses, and the k H 2 O /k TFE ratio with 94 (small value) for 4 as additional data is also supported with our interpretation. These offer another reason for separating solvent systems used for this work into three parts for multiple correlation analysis as follow; (i) According to criteria for mechanism presented previously, this probably means the prediction for S N 2 mechanism with equivalent contribution from nucleophilic solvation and nucleophilic participation for TS-stabilization in solvolysis of 4.
As a result, owing to the different solvation of TS according to whether the majority of 35-solvents or 18-highly ionizing media (Y Cl > 2.7), dual channel mechanism can be explained by an addition-elimination (Ad E ) pathway with predominant nucleophilic participation, described as a carbonyl addition channel and S N 2 pathway with change of nucleophilic solvent assistance, and specially, in case of (iii), the data points for pure TFE and 97% HFIP solvents are excluded (deviated) from 18-solvent systems data points in linear correlation analyses, these reaction, the consideration of an essential characteristic of these solvents with the solvents of highest Y Cl and lowest N T supposes that these reaction are preceding through an S N 1 (ionization) pathway with preferential partial charge separation, described as a cationic reaction channel.
For solvolyses group comprised of 1, 3 and 6 similar to the value of k MeOH /k MeOD (KSIE) in methanol (> 2.0), TFE-EtOH solvent systems, with possibility for third order reaction 30, 31 based on a general base catalyst (GBC) by solvent molecules, were also contained of the data points in the multiple regression analysis by two term parameters [eq. (1)], but aqueous fluorinated solvent TFE-H 2 O and/or HFIP-H 2 O solvents became removal from data points, and the other side, for those consisted of 2 and 3, the analysis results having the data points only excepted for a less aqueous media (see footnote u of Table 4 ) and those having the data points used almost all solvent available (see footnote v of Table 4), respectively, were shown in Table 4 . The substrate (4) discussed also corresponds to the former type in the multiple correlation analysis.
It has been reported 34 that TFE solvent (media of low nucleophilicity) could play a prominent role as the solvent to make stabilization of long-lived carbocationic intermediate, for pure TFE and 97% HFIP solvents excepted from data points of two-term parameters correlation [eq. (1) 
1-AdCH2 data points of corresponding aqueous HFIP solvents deviate significantly (with differential solvation of TS accompanying different mechanism).
A major cause for a greater rate constants for 4 of pure TFE and 97%(w/w) HFIP (as shown in Table 1 ) investigated including water (ΔS ≠ = −20.6 cal mol Table 2 . These results provide support for the validity of our elucidation of the role in solvents.
To compare with reactivity for solvolyses of 1, 4, 5, and 6, plots of logarithms of rate constants (rate-rate profiles) for solvolyses of 4 vs rates for 1, 23 5, 20 and 6, 24 respectively were attempted and these results show good linear correlations (as mentioned in Figure 5 , Figure 6 and Figure 7 , respectively) with the slopes of almost unity and linear coefficients (r) of 0.963-0.972 (n = 19-25) reduced, due to dispersion phenomena in fluorinated solvent systems. Consequently, these solvolyses show essential identical solvent effects on reactivity.
Conclusions
Values of l/m provide useful mechanistic criteria for the solvent effect in solvolytic reactions of acid chlorides [(l/m = 1.9-3.0 for Ad E , l/m ≤ 0.8 for I (ionization pathway).
1 For solvolyses of 4, l/m = 2.94 in a majority of the solvents (35) , confirming that a tetrahedral-type intermediate (stepwise) led to a carbonyl addition mechanism (Ad E ); also, nucleophilic solvation was significant, and there was no mechanistic change caused by variation of solvent compositions.
However, in case of 18-solvent ranges having aqueous fluorinated solvent systems (TFE-H 2 O and HFIP-H 2 O) as well as Y Cl > 2.7 solvent systems, the effect on reactivity for those of 4 (l/m = 1.20) are evaluated by the multiple regression analysis as competition with S N 2-type mechanism, and S N 1-type mechanism undergoes in pure TFE and 97% HFIP solvents. And TS-stabilization by nucleophilic solvation for 4 showed more sensitive for than those of 3, due to solvolyses of 4, in which could not find out a considerable contribution of stoichiometric solvation effect, compared with those of 3 16 analyzed by third order reaction model. , l/m and n/n t given in Table 4 , a consistent pattern of solvent effect on reactivity and mechanism were exposed and the sterically- hindrance effect 36 of aliphatic group adjacent to the site of nucleophilic attack from the rear for these solvolyses could not found.
In conclusion, solvolyses of 4 show various spectra of mechanisms from Ad E through S N 2 to S N 1 mechanism, according to the choice of solvent.
Experimental
Isobutyl chloroformate (Sigma-Aldrich ≥ 99%) was used as received. All solvents used for kinetic in this work were dried and distilled by standard methods (as described previously Specific rate constants for solvolytic reaction 4 proceed as pseudo-first type were determined using a general conductometric method 34 and calculation of those were performed by the Origin 6.0 program using the Guggenheim equation 37 from data monitored automatically. These were determined conductometrically at least in duplicate; typically injected 4 μL of 10% w/w substrate in dry acetonitrile into the kinetic apparatus containing 2 mL of each solvent mixture; associated standard deviations, and detailed methods are presented in footnotes of Table 1 and Table 2 .
